We review a novel model-independent approach to the analysis of new-physics effects in the s → u −ν transitions. We apply it to (semi)leptonic kaon decays and study their complementarity with pion and hyperon β decays or with collider searches of new physics.
I. INTRODUCTION
The K → π ν (K 3 ) and P → ν (P 2 ) decays, where P = π, K and = e, µ, boast one of the most precise data bases in hadronic weak decays [1] [2] [3] [4] [5] . The hadronic form factors necessary to describe these processes are flagship quantities for lattice QCD (LQCD) and the theoretical accuracy at which they are calculated is now below the percent level [6, 7] . Much work has also been done in Chiral Perturbation Theory (ChPT) and using dispersive methods to understand analytically low-energy theorems and small contributions to the decay rates such as isospin breaking and the electromagnetic radiative corrections [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . This is of great interest at the moment given the various hints of New Physics (NP) spotted in flavor observables [23] [24] [25] [26] [27] and at the LHC [28, 29] .
Effective Field Theories (EFT) are optimal tools to perform such analysis, and to test the Standard Model (SM) in a modelindependent way. Although there is work on bounds to specific scenarios of NP [30] and the EFT language is introduced in the Flavianet analyses [2, 3] , an EFT approach has not been used for global studies of the s → u transitions yet beyond CKM unitarity tests by precise determinations of |V us | and |V ud | [3, 6, 31] . Notice the difference with the d → u decays, where global EFT fits have been performed by various groups [32] [33] [34] .
In the following, we briefly review the extension of this program to the s → u ν transitions. For a comprehensive discussion and a more complete list of references we refer the reader to Ref. [1] .
II. EFFECTIVE LAGRANGIANS
The starting point is the low-scale O(1 GeV) effective Lagrangian for semi-leptonic D → u transitions (D = s, d) [31] :
where
are Wilson coefficients (WC) which carry a ∼ v 2 /Λ 2 dependence on the NP scale Λ. The effective operators undergo renormalization under quantum corrections in the SM and the WC can display renormalization scale dependence, which is canceled by the opposite one of the hadronic matrix elements at the level of the observables (see [1] for details).
The EFT Lagrangian in Eq.
(1) mediates all low-energy charged-current weak processes involving up and generic down-type quarks like pions, kaons, neutrons and hyperons. In total, the EFT contains 20 WC describing model-independently the most general NP modifications to the charged-current decays D → u ν.
If the NP is coming from dynamics at Λ v and EWSB is linearly realized, then one can use an SU (2) L × U (1) Y EFT [31, 35] . A non-trivial consequence of this is that, at leading order in the matching between the high-and low-energy theories:
We will neglect O(v 4 /Λ 4 ) throughout this note so that a NP effect involving a right-handed current necessarily involves a Higgscurrent fermion-current operator [35] and its contribution must be lepton universal. In addition, the number of independent WC in the EFT gets reduced from 20 to 18. One can see that the CKM matrix element gets a NP contribution such that one can only extract the following combination:
where δG F contains the NP effect affecting the experimental extraction of the Fermi constant from the muon lifetime [31] . Consequently, these NP terms can only be probed through CKM unitarity tests or through lepton-universality tests.
III. DECAY OBSERVABLES
A. π 2(γ) and K 2(γ)
In order to minimize various experimental and theoretical uncertainties, it is convenient to work with the three ratios R P = Γ Pe2(γ) /Γ Pµ2(γ) and R µ = Γ Kµ2(γ) /Γ πµ2(γ) , which are given by
where D = d, s for P = π, K respectively, f P ± is the corresponding QCD semileptonic decay constant [6] ,
, and δ P em is the corresponding electromagnetic correction [18] . We have used m 2 P /(m u + m D ) B 0 , and we denote by ∆ the NP correction not absorbed inṼ uD . We also need to include in the analysis one total rate (controlling the overall normalization) that we choose to be that of K µ2(γ) :
The K → π ν decay amplitude depends on the hadronic form factors f + (q 2 ), f 0 (q 2 ) and B T (q 2 ), which are defined following the conventions in Refs. [1] [2] [3] . The photon-inclusive K 3 total decay rates can be written as [1] 
where C = 1 (1/2) for the neutral (charged) kaons, δ c em are radiative corrections and δ c is the isospin-breaking correction for the charged kaon channel. The I K (λ +,0 , s S,T ) is the phase space integral that depends on the scalar and tensor WC and the so-called slopes, which parametrize the q 2 dependence of the form factors and that we have symbolically denoted here by λ +,0 . The specific expression of the phase space integral can be found in Ref. [1] .
It is interesting to note that for f 0 (q 2 ) one can use a dispersive representation [12, 21, 30] with a single measurable free parameter that is conveniently chosen to be C = f 0 (m
, because its value can be determined in QCD using the Callan-Treiman theorem (CTT) [36] 
where the corrections have been calculated in ChPT at the level of 10 −3 [9] . These QCD parameters (C and λ + ) are customarily fitted to the kinematic distributions of the decay (or Dalitz plot), enabling a calculation the phase-space integral under the assumption s S = s T = 0. However, scalar and tensor operators modify the phase space integrals and they should be determined together with the form factor parameters in the fits to the kinematic distributions. Importantly, their interference with the SM is helicity suppressed and enters proportional to the lepton mass, so that the kinematic distributions for the electronic mode are not sensitive to scalar and tensor operators at leading order of the EFT expansion 1 . In the muon channel, the effect of the scalar operator is absorbed in the q 2 dependence of the scalar form factor. If precise values for f + (0) and f K /f π are provided in QCD, then the CTT gives a very accurate prediction of this form factor at q 2 = m 2 K − m 2 π , which allows one to separate sµ S from the experimental measurement:
where we have used log C as suggested in [30] and adopted by the experimental collaborations [3] . The tensor term can not be described by a simple re-definition of the SM contributions. This is clearly visible in the two-fold differential decay rate [1] and a bound on tensor operators must be obtained from a global fit to the Dalitz plot of the form-factor parameters and the WC s T , provided we have a LQCD result for the tensor form factor B T (0) [37] . Nonetheless, in order to assess the overall sensitivity of the muonic channel to the tensor operator, let us separate
with the numerical inputs of Ref. [1] . This will be of interest when comparing with the sensitivity of the hyperon β decays at the level of the total rates.
Finally, we notice that the form factor f + (0) cancels in the lepton-universality ratio
Ke em
that is only sensitive to the difference of left-handed
C. Nuclear, neutron and hyperon β decay
The study of superallowed nuclear β transitions provide the most accurate determination of |Ṽ e ud | along with the most stringent limits on the scalar Wilson coefficient de S [38, 39] . Combining this |Ṽ e ud | determination with the |Ṽ e us | value obtained from K e3(γ) allows one to test CKM unitarity, which probes the following combination of WC [31] :
where we have neglected the contribution of |Ṽ e ub | 2 because its value is smaller than the current uncertainty in ∆ CKM [5] . Neutron and hyperon β decays are sensitive to both vector and axial currents, which come weighed by different form factors [40] [41] [42] . While one obtains a value for |Ṽ uD | once the "vector charge" of the transition, f 1 (0), is used, the effect of a right-handed currents D R manifest modifying the "axial charge":
Thus, a bound on the right-handed current can be determined if any of the axial form factors is both measured and calculated in LQCD.
The nonstandard coefficients D S,P,T modify not only the total rate but also the kinematic distributions and polarization observables of the β decays. Similarly to K 3(γ) , the chiral suppression of (pseudo)scalar and tensor operators implies that only the muonic case presents a non-negligible linear dependence on the WC. For instance, in Ref. [42] the following lepton universality ratio was studied with semileptonic hyperon decays:
1 Nonetheless, bounds can be obtained extending the analysis to include these quadratic terms [1] .
µ , where the coefficients r S,T embody the sensitivity of hyperon β decays to Table I [42] the complementarity between the different channels and the strong sensitivity of each decay to either sµ S or sµ T . This contrasts with K µ3 for the tensor WC where, as discussed above, the sensitivity of the total rates is a factor 10-20 smaller. New experiments and further analyses are necessary to exploit this interesting interplay between kaon and hyperon decays.
IV. PHENOMENOLOGY
In the previous page we present a flowchart summarizing how the processes described in the last section give access to different NP combinations of Wilson coefficients in a global (linearized) EFT analysis of NP in D → u ν transitions (D = d, s, = e, µ), along with the different experimental and theoretical inputs that are needed. A detailed explanation of the values employed in our numerical analysis can be found in Ref. [1] . Treating all errors as Gaussian, we perform a standard χ 2 fit, keeping only linear terms in v 2 /Λ 2 in the theoretical expressions. The results are: 
Exploiting now the unitarity of the CKM matrix we can replaceṼ e us by 
We observe good agreement with the SM, with marginalized limits varying from the 10 −5 level for the pseudoscalar couplings in the electronic channel (due to the chiral enhancement) to the per-cent level for the right-handed couplings (due to the limited lattice precision in the axial-vector form factors).
The combinations of WC {∆ d LP , de P } and { se P , sµ P } are highly correlated, which simply reflects the fact that the specific combination of them that appears in R π and R K respectively is much more constrained than the individual WC. This is illustrated by the limits obtained when the only non-zero NP couplings are the pseudoscalar couplings in the electronic channel: [44] [45] [46] [47] [48] [49] and the theoretical determination using the CTT and the FLAG averages. We also plot the NA48/1 measurement, which we do not include in the average (blue band) [3, 49] . The NP effective scales are related to the WC as Λ sµ S ≈ (Vus
A. The CTT theorem and the bound on sµ S
As discussed above, a determination of the WC sµ S crucially depends on our ability to predict the q 2 dependence of f 0 (q 2 ) in QCD and to perform precise extractions of it from the K µ3 Dalitz plot. Luckily, the CTT theorem, combined with a determination of f + (0) and f K /f π in the lattice, leads to a very precise prediction of log C, cf. Eq. (11) . Experimentally, this quantity is extracted using the dispersive representation of the scalar form factor [30] . In Fig. 1 we show the bounds on sµ S obtained from the different measurements of log C [3, [44] [45] [46] [47] [48] [49] and the theoretical determination using the CTT and the FLAG averages [6] , which rules out NP scales of Λ 
c.f. Eqs. (6) (7) . Hence, the right-handed and pseudoscalar contributions change the slope of the diagonal constraint obtained from K e2 /π e2 , as illustrated in Fig. 2 . We see that this precise test of the SM, obtained thanks to the small experimental and theoretical uncertainties achieved in these processes, currently allows one to probe O(100) TeV scales. 
C. Complementarity with collider searches
If the new particles are too heavy to be produced on-shell at the LHC one can connect collider searches with low-energy processes in a model-independent way using the SMEFT [1, 41, 50] . The natural channel to study at the LHC is pp → + MET + X, since this process is sensitive at tree level to non-standardūs → ν partonic interactions:
where σ W represents the SM contribution, σ S,T (m T ) are new functions which explicit form can be found in Ref. [50] and m T is the chosen cut on the transverse mass. Using 20 fb −1 of data recorded at √ s = 8 TeV by the CMS collaboration in the muonic channel pp → µ ± + MET + X [51] , one sees good agreement between data (3 events above m T = 1.5 TeV) and SM (2.35 ± 0.70 events). This leads to the bound shown in Fig. 3 , which is compared to the limit obtained from K µ3 in Ref. [1] (from the Dalitz plot and using the CTT) and from hyperon β decays in Ref. [42] using the ratio in Eq. (15) . 2 Finally, we also display a projection of the bounds from the hyperon decays in case the experimental data and the theoretical predictions both reached the 1% level. This illustrates the interesting complementarity between low-energy experiments and the LHC searches, where semileptonic decays are currently exploring new regions of the NP parameter space unaccessible to the LHC.
V. CONCLUSIONS
In this note we succinctly describe a global model-independent approach to the analysis of NP in the D → u ν transitions (D = d, s; = e, µ). We do not assume any flavor symmetry and we keep all possible NP operators at the same time. We analyse (semi)leptonic kaon decays, pion decays and nuclear, neutron and hyperon β decays. The latter become necessary since one can not discriminate among all different possible NP effects using only pion and kaon decay observables. Besides providing a road map for future tests of the SM using all these processes, we provide numerical results of a fit using current experimental data and lattice QCD results. We find that these decays are sensitive to NP with typical scales of several TeV and we discussed complementarity with collider searches in the context of the SMEFT. ± +MET+X CMS data (black dashed ellipse) and from semileptonic hyperon decays (orange dot-dashed lines) [42] . The filled orange ellipse shows the limits from hyperon decays assuming both experimental and theoretical errors reach the 1% level. Effective scales are defined by Λi ≈ (Vus i) −1/2 v.
More details can be found in the paper this note is based on [1] .
